Hydroxylation and glycosylation of cinnamic acid, p-coumaric acid, caffeic acid, and ferulic acid were investigated using cultured plant cells of Phytolacca americana as biocatalysts. Regioselective hydroxylation at the 4-position of cinnamic acid and 3-position of p-coumaric acid was observed. Although cinnamic acid was transformed to mono-glucoside products, di-glycosylation occurred in the case of the biotransformation of p-coumaric acid, caffeic acid, and ferulic acid.
Biotransformation is considered to be an important method for converting inexpensive and plentiful organic compounds into costly and scarce ones. Plant cultured cells have been studied as useful biocatalysts for biotransformation reactions because of their biochemical potential to produce specific secondary metabolites such as flavors, pigments, and agrochemicals.
The reactions involved in the biotransformation of organic compounds by cultured plant cells include oxidation, reduction, hydroxylation, esterification, methylation, isomerization, hydrolysis, and glycosylation [1] [2] [3] [4] [5] . Glycosylation and hydroxylation are useful biotransformation reactions for preparing water-soluble and bioactive compounds. Particularly, glycosylation by cultured plant cells has been the subject of increasing attention, because a one-step enzymatic glycosylation by cultured plant cells is more convenient than chemical glycosylation, which requires tedious steps such as protection and deprotection of the hydroxyl groups of the sugar moieties.
Cinnamic acid, p-coumaric acid, caffeic acid, and ferulic acid, which have been classified as phenylpropanoids, act as naturally occurring, strong, anti-oxidant scavenging free radicals [6] . In plant cells, shikimic acid is metabolized to these phenylpropanoid compounds. However, little attention has been paid to the biotransformation of phenylpropanoids in cultured plant cells. We report herein the hydroxylation and glycosylation of phenylpropanoids by cultured plant cells of Phytolacca americana.
The substrate, cinnamic acid (1), was administered to a conical flask containing suspension cell cultures of P. americana. A total of 1 mmol of substrate was added to ten conical flasks (0.1 mmol/flask). Then the cultures were incubated at 25°C for three days on a rotary shaker. After three days' incubation period, the cells and medium were divided by filtration. The hydroxylation products were extracted from the medium with ethyl acetate and the glycosylation products were extracted from the cells using methanol. Products were purified by silica gel column chromatography. The chemical structures of the products were identified on the basis of their FABMS, 1 H and 13 C NMR, H-H COSY, C-H COSY, and HMBC spectra ( Figure 1 ). Cultured cells of P. americana transformed cinnamic acid (1) to the products 2, 5, and 6. The yields of the products were calculated by using calibration curves prepared with authentic samples as 7 (2), 27 (5) , and 6% (6), respectively. The structures of 2, 5, and 6 were identified as p-coumaric acid (2), cinnamic acid -D-glucopyranosyl ester (5), and p-coumaric acid-D-glucopyranosyl ester (6) by spectroscopic analyses, respectively. The glucosylation product at the 4-position of p-coumaric acid, i.e., p-coumaroyl 4-O--D-glucopyranoside, was not obtained during the incubation period.
Next, p-coumaric acid (2) was subjected to the same biotransformation system using cultured cells of P. americana. The cells transformed p-coumaric acid (2) to six biotransformation products 3, and 6-10 ( Figure 2a ). The yields of 3, and 6-10 were calculated as 2, 8, 20, 10, 12, and 5%, respectively. The products were determined as caffeic acid (3) When ferulic acid was used as the substrate in the biotransformation with cultured P. americana cells, three products 13-15 were isolated from methanol extracts of the cells (Figure 2c ). The yields of the products 13-15 were determined by HPLC analyses as 35, 7, and 2%, respectively. The biotransformation product was identified as ferulic acid -D-glucopyranosyl ester (15) by spectroscopic analyses.
Thus, biotransformation of phenylpropanoids, such as cinnamic acid, p-coumaric acid, caffeic acid, and ferulic acid, was investigated using cultured cells of P. americana as biocatalysts. It was found that the cultured P. americana cells are capable of regioselective hydroxylation at the 4-position of cinnamic acid and 3-position of p-coumaric acid. Also, cultured cells of P. americana can glucosylate at the 3-and 4-positions of the benzene ring of these phenylpropanoids, and at their carboxyl group. It has been reported that cultured micro algal cells of Haematococcus pulvialis transformed p-coumaric acid and ferulic acid to vanillyl alcohol and vanillic acid [7] . The metabolic pathway of phenylpropanoids in plant cells of P. americana is quite different from that in micro algae.
Experimental
General: HPLC was carried out with a Crest Pak C18S column (4.6 x 150 mm, JASCO Co. Jpn.) (detect: UV 288 nm; solvent: methanol/H 2 O/acetic acid=40/60/0.1; flow rate: 1 mL/min). cinnamic acid, p-coumaric acid, caffeic acid, and ferulic acid (1) (2) (3) (4) , used as substrates, were purchased from Wako Pure Chemical Ind. The cultured plant cells were sub-cultured at 4-week intervals on solid MS medium containing 2% glucose, 1 ppm 2,4dichlorophenoxyacetic acid, and 1% agar (adjusted to pH 5.7). A suspension culture was started by transferring 20 g of the cultured cells to 100 mL of liquid MS medium in a 300 mL conical flask.
Biotransformation procedure: The suspension plant cells were incubated in 300 mL conical flasks for 3 weeks. The cultured cells in the stationary growth phase have been used for experiments. After the cultivation period, 0.1 mmol of the substrate was added to the flask containing 70 g of suspension cell cultures. A total of 1 mmol of the substrate was administered to 10 flasks. The transformation was performed by incubating the mixture at 25°C on a rotary shaker (70 rpm) for 3 days. The culture medium was extracted with ethyl acetate. The cells were extracted (x3) by homogenization with methanol. The methanol fraction was concentrated and partitioned between H 2 O and ethyl acetate. The ethyl acetate fractions were combined, concentrated, and analyzed by HPLC. The H 2 O fraction was applied to a Diaion HP-20 column and the column was washed with H 2 O, followed by elution with MeOH. The MeOH eluate was subjected to HPLC to give the glycosylated products. The yield of the product was determined by HPLC analyses using calibration curves prepared with authentic samples and expressed as a percentage of the amount of substrate. 
